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Purpose: Multilamellar bodies (MLBs) are lipid-coated spheres (1–4 µm in diameter) found with greater frequency in
the  nuclear  region  of  human  age-related  cataracts  compared  with  human  transparent  lenses.  Mie  light  scattering
calculations have demonstrated that MLBs are potential sources of forward light scattering in human age-related nuclear
cataracts due to their shape, size, frequency, and cytoplasmic contents, which often differ in refractive index from their
surroundings. Previous studies have used data from several non-serial tissue sections viewed by light microscopy to
extrapolate a volume and have assumed that MLBs are random in distribution. Currently, confocal microscopy is being
used to examine actual tissue volumes from age-related nuclear cataracts and transparent lenses collected in India to
confirm MLB shape, size, frequency, and randomness. These data allow Mie scattering calculations to be done with
directly observed MLBs in intact tissue.
Methods: Whole Indian donor lenses and Indian lens nuclei after extracapsular cataract extraction were immersion-fixed
in 10% formalin for 24 h and in 4% paraformaldehyde for 24 h before sectioning with a Vibratome. The 160 µm thick
sections  were  stained  for  24  h  in  the  lipid  dye  DiI  (1,1’-dilinoleyl-3,3,3′,3′  tetramethylindocarbocyanine,  4-
chlorobenzenesulfonate), washed, stabilized in Permount under coverslips and examined with a Zeiss LSM 510 confocal
microscope. Individual volumes of tissue (each typically 500,000 µm3) were examined using a plan-apochromat 63X oil
(NA=1.4) lens. Other lenses were prepared for electron microscopy and histological examination using previously
described procedures.
Results: Analysis of tissue volumes within Indian age-related nuclear cataracts and transparent lenses has confirmed that
most MLBs are 1–4 µm in diameter and typically spherical with some occurring as doublets or in clusters. Most Indian
cataracts and transparent lenses are similar to samples obtained in the United States. One cataract contained as many as
400,000 MLBs per mm3 –100 times more than in cataracts collected in the United States. Pairwise distribution analysis
has revealed that MLBs even in this exceptional case are found with a distribution that appears to be random. Mie
calculations indicate that more than 90% of the incident light could be scattered by the high density of MLBs.
Conclusions: An important finding was that one advanced Indian cataract contained many more MLBs than cataracts
examined from India and previously from the United States. This indicates that specific conditions or susceptibilities may
exist that promote the formation of excessive MLBs. Based on the extremely high frequency, as well as their spherical
shape, large size, and apparent random distribution, the MLBs are predicted according to Mie light scattering calculations
to cause high amounts of forward scattering sufficient to produce nuclear opacity.
The most common cause of blindness is cataract [1,2]. In
India, blindness due to cataract is significantly greater than in
western populations according to recent studies [3-8] with
nuclear opacities being most common [3]. For example, a
recent study in India has demonstrated that the prevalence of
blindness is over 6%, and of those who are blind, bilateral
cataract is the cause for almost 80% of that blindness [9].
Therefore, numerous initiatives to provide successful and
sustainable cataract services and to prevent future problems
have  been  developed  by  organizations  such  as  the
International Agency for Prevention of Blindness and the
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World  Health  Organization  (WHO).  These  global  efforts,
including the National Programme for Control of Blindness
[3,8]  and  “Vision  2020:  Right  to  Sight”  [10],  have  been
responsible for cataract surgeries in India being performed at
a rate of 4.5 million per year. By 2020, it is projected that
blindness due to cataract will no longer be a major concern in
India [1,7,11,12]. Such improvements in medical care and
nutrition will likely reduce the number of those with cataract
in the population initially, but at the same time, the population
will  age.  With  this  growth  in  the  elderly  population,  the
number of those susceptible to the development of age-related
nuclear cataract will increase [3,13].
Despite general improvements to access medical care in
India, there is still inadequate delivery of cataract surgical
services to the rural population and to disadvantaged groups
[3,9,14]. A recent study showed that only 12% of those blind
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572in a particular region of south India received surgery [9].
Currently, the prevalence of cataract in India is unexplained,
although  it  is  thought  that  contributing  factors  may  be
exposure  to  ultraviolet  radiation  while  working  outdoors
without  visual  protection  [15]  or  poor  nutrition  [16,17].
Therefore, it is necessary to identify both the risk factors for
cataract and the cellular and molecular pathology of cataract
so that the disease may be prevented, delayed, or one day even
cured without surgery.
Cataract  is  a  multifactorial  disease,  and  lenses  with
cataracts  may  have  many  ultrastructural  sources  of  light
scattering.  For  age-related  nuclear  cataracts,  high-angle
scattering where light scatters backward toward the clinician
observing with a slit lamp results in less light reaching the
retina  and  therefore  a  dimmer  image  [18].  High-angle
scattering  may  in  part  be  caused  by  small  (<0.1  µm  in
diameter)  high-molecular-weight  aggregates,  which  are
proposed  to  form  from  cytoplasmic  proteins  that  have
undergone oxidative damage [19-24]. However, during the
early  stages  of  nuclear  cataract  formation,  the  fiber  cell
cytoplasm is smooth and homogeneous by light and electron
microscopy [25,26] with only slight texturing present in a few
cases [27]. Thus, the high-molecular-weight aggregates do not
create significant fluctuations in refractive index, and some
other  source  of  scattering  must  exist  [28].  Low-angle
scattering,  on  the  other  hand,  where  light  scatters  in  the
forward direction, is likely to affect image formation at the
macula [29]. Although it is quite difficult to measure in vivo,
large fluctuations in density or large particles would produce
forward scattering. Based on mathematical modeling [30,31],
microscopic  observations  [32,33],  and  Mie  scattering
predictions [33,34], it has been suggested that a significant
source of forward light scattering is likely to be large, rare,
spherical  particles  within  the  cytoplasm.  Because  these
structures are coated with multiple layers of thinly-spaced
lipid membranes, they are known as multilamellar bodies
(MLBs) [32-34].
MLBs are spherical in shape with an average diameter of
2–3 µm and are composed of a cytoplasmic core surrounded
by anywhere from 3 to 10 membrane layers. The cytoplasm
of the interior of the MLB often stains differently from the
surrounding cytoplasm, and the membranes forming the coat
of the MLB are thinly-spaced with an intermembrane spacing
of less than 5 nm [32-34]. Most importantly, MLBs are found
with 7.5 times greater frequency in the immature cataracts
observed in the United States than in transparent lenses [32,
33].
In  India,  age-related  prevalence  of  cataract  is
significantly greater than the prevalence in the United States
[3,35,36] and affects individuals younger than those in the
United States [4,5,37]. Furthermore, the cataracts are more
advanced than in those in the United States. Therefore, it was
hypothesized  that  some  Indian  cataracts  might  contain
significantly more MLBs than those previously analyzed in
the US.
Mie’s solution to Maxwell’s electromagnetic equations
[38-41] is used to predict the contribution of the MLBs to the
forward scattering of light. Ideally, the particles should be
spherical in shape, separated by distances greater than a few
wavelengths of incident light, and random in distribution.
Since  MLBs  meet  these  requirements,  the  Mie  scattering
theory is appropriate for describing forward light scattering
caused by MLBs. The purpose of this study was to compare
aged  transparent  lenses  and  advanced  cataractous  lenses
collected in India to determine causes of light scattering. The
initial  examination  revealed  a  similar  frequency  and
appearance  of  MLBs  in  these  specimens  compared  to
immature cataracts previously analyzed in the United States.
The predicted scattering from the immature United States
cataracts was less than 20% of the incident light [33,34]. In
one exceptional case, a high density of MLBs was observed
and may characterize some advanced cataracts from India. For
such cataractous nuclei containing a large density of MLBs,
nearly all the incident light was predicted to be scattered by
the MLBs.
METHODS
Lenses: During a two-week period, a total of 44 lens samples
were collected and processed at the L.V. Prasad Eye Institute
(LVPEI,  Hyderabad,  India)  following  the  tenets  of  the
Declaration of Helsinki and using procedures approved by the
Institutional  Review  Board  of  the  University  of  North
Carolina at Chapel Hill (UNC). Only limited information was
provided without patient identifiers including age, gender,
cataract grade, and whether the patient was diabetic. Sixteen
lens samples were excluded because the processing was not
ideal, they were from diabetic patients, or they were not a
suitable cataract type. For this study, seven transparent donor
lenses were obtained from the Ramayamma Eye Bank within
LVPEI and 22 cataractous nuclei were obtained from the
operating suites following extracapsular extraction. None of
the  intact  donor  lenses  (average  equatorial  diameter  of
9.4 mm) showed signs of opacification by handheld slit lamp
examination or distortion of a mesh viewed through the lens
in transmitted light. All of the cataractous nuclei were from
mature cataracts that did not pass enough light to form an
image and were dark yellow to densely brunescent in color.
These  nuclei  (average  equatorial  diameter  of  7.7  mm)
probably represented advanced age-related nuclear cataracts
from patients that were blind before surgery. All lens samples
were processed by the three investigators from UNC, using
the same model tissue slicer, chemicals shipped from United
States sources, and protocols refined at UNC in earlier studies
[32,33]. Many lenses were processed simultaneously, and the
procedures required several days to complete, resulting in
fixed,  inert  embedded  material,  which  was  shipped  with
permission of the Indian Ministry of Health back to UNC for
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573microscopic analysis. This elaborate process ensured that the
highest level of ultrastructural preservation was achieved and
that samples could be directly compared to those of previous
studies  using  immature  nuclear  cataracts.  Selected  lens
samples were processed separately for dye staining used in
scanning  laser  confocal  microscopy.  These  procedures
produced a unique set of lens samples prepared from fresh
fully opaque advanced nuclear cataracts.
Confocal  microscopy:  Two  non-diabetic,  non-cataractous,
aged, transparent donor human lenses (both at the age of 45)
and five cataractous human nuclei (ages 60, 60, 66, 70, and
76)  from  extracapsular  cataract  extractions  were  obtained
from  the  surgical  unit  and  eye  bank,  respectively,  at  the
LVPEI.  The  anterior-to-posterior  thickness  and  equatorial
diameter of each lens or nucleus were measured so that the
center could be determined. Lenses and nuclei to be examined
with  confocal  microscopy  were  immersion-fixed  in  10%
formalin  for  24  h  and  in  4%  paraformaldehyde  for
approximately  24  h.  Specimens  were  then  mounted  with
cyanoacrylate glue onto a metal sectioning tray, covered with
warm 2.5% agar, submerged in 1X phosphate buffered saline
(PBS)  at  10  °C,  and  sectioned  using  a  vibrating  knife
microtome (Model 1000; Vibratome, St. Louis, MO) at a
speed of approximately 0.2 mm/s, an amplitude of 6, and a
cutting angle of 12° (Figure 1A).
Vibratome sections (each 160 µm thick) at and near the
center of each lens were collected, washed for 5 min in a 1:1
solution of 1X PBS and 50% ethanol, and then stained for
approximately  18  h  in  the  lipid  dye,  Fast  DiI  (1,1’-
dilinoleyl-3,3,3′,3′  tetramethylindocarbocyanine,  4-
chlorobenzenesulfonate;  Molecular  Probes  Inc.,  Eugene,
OR), at a concentration of 0.2 mM following a procedure
modified  from  previously  published  protocols  [42].  The
combination of prefixation and lengthy staining allowed the
dye to penetrate completely to the core of each 160 µm thick
section. Sections were then washed for 5 min in 100% ethanol
and  stabilized  in  Permount  under  #1  coverslips,  each
enhanced with two 0.17 mm thick glass platforms between
which  the  160  µm  thick  sections  were  situated.  Optical
sectioning of DiI-stained samples on a Zeiss LSM-510 (Carl
Zeiss  Inc.,  Thornwood,  NY)  laser  scanning  confocal
microscope with a plan-apochromat 63X oil (NA=1.40) lens
was performed to examine the tissues. The red line in Figure
1B indicates an example of one focal plane that was used in a
given section, which was from a location at or near the center
of  the  lens,  so  that  all  developmental  regions  could  be
identified (Figure 1C). Individual volumes of tissue (from
multiple z-series totaling approximately 500,000 µm3) from a
Vibratome section were able to be visualized (Figure 1D).
Volumes were reconstructed in three-dimensional (3D) views
using  Imaris  3.0  (Bitplane  Scientific  Solutions,  Zurich,
Switzerland). Because the MLBs were brighter than adjacent
membranes,  they  could  be  located  automatically  by
thresholding. Marker particles were inserted to give 3D views
of the distribution [33] and exact coordinates of each particle.
Bright-field  light  microscopy:  Vibratome  sections
approximately 200 µm thick were processed as previously
described [33]. Briefly, thick sections were fixed for 12–18 h
in 0.5% glutaraldehyde, 2% paraformaldehyde, and 1% tannic
acid in 0.1 M cacodylate buffer (pH 7.2). Sections were then
washed with distilled water for three 15 min washings, stained
in 2% aqueous uranyl acetate in the dark for 60 min, washed
with distilled water once for 10 min, and dehydrated through
a  graded  ethanol  series.  Sections  were  infiltrated  and
embedded in LR White resin (Electron Microscopy Sciences,
Ft. Washington, PA) from which histological sections (0.7 µm
Figure 1. Methods. Transparent lenses
and age-related cataractous nuclei were
immersion-fixed and sectioned with a
Vibratome  (A).  The  160  µm  thick
sections were stained with the lipophilic
dye, Fast DiI, washed with ethanol, and
transferred  to  glass  slides  with
Permount and coverslips. For analysis,
sections at or near the center of the lens
were  used  so  that  all  developmental
regions  could  be  identified  (C),
including the embryonic nucleus (en),
fetal nucleus (fn), juvenile nucleus (jn),
adult  nucleus  (an),  and  cortex  (c).
Samples  were  examined  with  laser
scanning  confocal  microscopy  (D).
Individual volumes of tissue from each
Vibratome section were visualized. The
red line in (B) indicates an example of
one focal plane that was used.
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574thick) of the nuclei were cut along the optic axis and mounted
on glass slides. Mounted sections were stained with toluidine
blue oxide (TBO), coverslipped, and examined with a Leica
DMR  bright-field  microscope  (Leica,  Solms,  Germany).
Digital  images  were  collected  with  a  Leica  DC500  12
megapixel digital camera (Leica).
Transmission electron microscopy: As described previously
[32], Vibratome sections approximately 200 µm thick were
fixed  for  12–18  h  in  2.5%  glutaraldehyde,  2%
paraformaldehyde, and 1% tannic acid in 0.1 M cacodylate
buffer  (pH  7.2).  Sections  were  then  washed  with  0.1  M
cacodylate for three 15 min washings, treated with cold 0.5%
osmium tetroxide for 60 min, washed with distilled water for
three 15 min washings, washed once with 50% ethanol for 5
min, stained in 2% uranyl acetate (ethanol-based) in the dark
for 30 min, and dehydrated through a graded ethanol series.
Sections were infiltrated and embedded in an epoxy resin.
Thin sections (50–70 nm) were cut with a diamond knife
(Diatome USA, Fort Washington, PA) from mesas raised
along the embryonic nucleus of the optic axis and stained with
uranyl acetate and lead citrate for viewing at 80 kV on a FEI-
Philips  Tecnai  12  (FEI  Company,  Hillsboro,  OR)
transmission electron microscope.
Quantitative analysis: For each lens, several small volumes,
typically  totaling  approximately  500,000  µm3,  were
thoroughly searched by confocal microscopy and MLBs were
counted. MLB frequency was expressed as a ratio of MLBs
per  cubic  millimeter.  To  test  the  randomness  of  MLB
distribution,  each  MLB’s  position  within  a  specific
rectangular volume was determined. The volume chosen for
the calculation was derived from a z-series of 80 sections that
were 0.5 µm thick with lateral dimensions of 73 µm by 73 µm,
giving  a  total  volume  of  approximately  210,000  µm3.  A
cumulative histogram of the distances from each MLB to its
nearest  neighbor  was  then  generated.  This  histogram  was
compared with the upper and lower envelopes of histograms
from 100 and 1000 simulations of nearest neighbor distances
of the same number of particles of the same size positioned
randomly within the same volume using Monte Carlo methods
[43] incorporating routines within MATLAB (version 6.2,
MathWorks,  Natick,  MA).  This  approach  overcomes  the
uncertainty of detecting nearest neighbors of MLBs close to
the edge of the sampling volume, because potentially close
MLBs  just  outside  the  sampling  volume  would  not  be
detectable using analytical methods [43]. For a set of Monte
Carlo simulations, the upper and lower limits at each fraction
of MLBs in cumulative histograms defines the envelopes,
which show less fluctuations as the number of simulations is
increased. A random distribution of real particles will fall
within the envelopes.
Light  scattering  can  be  calculated  using  the  Mie
scattering  theory  for  coated  spheres  as  has  been  done  in
previous  publications  [33,34].  Briefly,  the  algorithms  of
Mätzler [44] were employed using MATLAB (version 6.2,
MathWorks, Natick, MA) with key input parameters of MLB
average  diameter,  wavelength  of  incident  light,  refractive
index  of  the  MLB  interior,  and  refractive  index  of  the
cytoplasm surrounding the MLBs.
RESULTS
Previous studies have determined the distribution of MLBs in
histological sections of immature cataracts from the United
States at the equatorial plane [32] and along the optic axis
[33] and used the Floderus equation [44] to predict how many
of the spherical structures might be present in a true volume
of tissue. The current study utilizes confocal microscopy to
examine  a  true  volume  of  tissue  employing  serial  optical
sections of transparent lenses and advanced cataracts from
India.
While  the  transparent  Indian  lenses  do  contain  rare
MLBs, most optical sections display no MLBs (Figure 2A).
In a volume of approximately 210,000 µm3 (80 sections, each
0.5 µm thick with lateral dimensions of 73 µm by 73 µm),
only one to three MLBs can usually be observed. The typical
Indian age-related cataract shows MLBs that are similar in
density  to  those  of  United  States  cataracts  [32,33].  An
exceptional  Indian  advanced  cataract  displayed  numerous
MLBs within each optical section (Figure 2B).
It has been suggested in initial studies of MLBs that they
are spherical and on average 2.4 µm in diameter [32,33]. To
confirm  MLB  morphology  and  to  measure  the  diameter
accurately, laser scanning confocal microscopy (Figure 2B)
and  bright-field  microscopy  (Figure  3A-F)  were  used  to
examine numerous MLBs from age-related Indian nuclear
cataracts. Optical sections confirm that MLBs are roughly
spherical in shape when they occur in isolation (Figure 2B and
Figure 3A,B), although they sometimes occur in a doublet
formation (Figures 3C-E) or as a cluster of small particles
(Figure 3F). The diameters of the MLBs in the Indian cataract
with a high MLB density was 2.1 µm (n=43).
Transmission electron microscopy (TEM) was used to
examine the membranes of MLBs. An MLB may contain
anywhere form 3–10 lipid layers within the space forming its
coat,  although  these  membranes  are  not  typically  visible
(Figure 4B,C,E,F). Figure 4A depicts a donor lens in which
the membranes can barely be seen at low magnification. With
proper  tilt  and  high  magnification  (Figure  4D),  the  10
membranes forming the multilamellar coat can be visualized
and are seen to have uniformly thin spacing (approximately
4.5 nm).
TEM  thin  sections  and  bright-field  light  microscopic
histological  sections  were  examined  qualitatively  for  the
distribution of MLBs. Thin sections were searched at low
magnification of 1000X-4000X for all 17 lenses prepared for
TEM. TBO-stained histological sections from seven of these
lenses were examined at 630X and 1000X by bright-field
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575microscopy. The objective was to locate MLBs, which were
visible in every cataractous lens examined, and to estimate the
density of MLBs based on the number within each section
mesa  and  the  distance  between  adjacent  MLBs.  The
appearance of the MLBs (Figure 3 and Figure 4) and their
approximate  distribution  in  the  advanced  Indian  cataracts
were similar to those reported previously for United States
immature  cataracts  [32-34].  Although  the  density
measurements were not as extensive as in previous studies
[32,33],  it  was  clear  that  none  of  the  lenses  contained
numerous MLBs that would produce multiple MLBs in a low
magnification view as in Figure 2B.
In previous studies, it was assumed that MLBs have a
random distribution [32-34]. This assumption was reasonable,
as MLBs appeared to be uniformly scattered throughout the
embryonic and fetal nuclear regions and it was very rare to
observe  two  MLBs  within  the  same  field  of  view  where
magnifications  of  400X  or  higher  were  needed  to  clearly
identify the particles as MLBs. The average separation was
well in excess of 10 µm, which is very much greater than the
wavelength of visible light (0.4–0.7 µm). To calculate the total
scattering from all the MLBs, one must assume that they are
sparsely  and  randomly  distributed  and  therefore  that  they
scatter independently. In this study, it was possible to test this
assumption, because the distribution of MLBs in real tissue
volumes could be determined.
The  evaluation  of  randomness  of  the  distribution  of
MLBs is illustrated for the exceptional Indian nuclear cataract
with  a  high  density  of  MLBs  using  a  confocal  z-series
reconstructed volume. Coordinates in x, y, and z were obtained
for each of the 92 MLBs within a rectangular volume of about
210,000 µm3, allowing the distance of each MLB to its nearest
Figure  2.  Confocal  images  of
transparent  and  cataractous  Indian
lenses. While transparent Indian lenses
typically show no MLBs in individual
optical  sections  (A),  the  exceptional
Indian  cataractous  nucleus  shows
several MLBs (arrows) within a similar
field  of  view  in  nearly  every  optical
section (B).
Figure 3. Shape and size of MLBs. As
seen in bright-field microscopy (A-F),
multilamellar bodies (MLBs) from age-
related  nuclear  cataracts  are  roughly
spherical  in  shape  and  approximately
2.1  µm  in  diameter.  (D)  and  (E)
demonstrate  that  MLBs  sometimes
occur in a doublet formation, and (F)
depicts a rare situation where a cluster
of small particles are gathered together.
Scale bar=5 µm.
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576neighbor to be measured. Then, in a computer simulation, 92
particles  of  the  same  diameter  were  randomly  positioned
within an identical rectangular volume and nearest neighbor
measurements were made; this simulation was repeated 100
times and then 1000 times using Monte Carlo methods. For
each simulation, the upper and lower limits of the nearest
neighbor  distances  were  used  to  produce  envelopes  that
described  a  range  of  distances  corresponding  to  random
distributions. The cumulative histogram of the MLBs falls
within  the  envelopes,  providing  strong  evidence  that  the
distribution of MLBs analyzed is random (Figure 5).
While  many  Indian  age-related  cataracts  contained
MLBs with the same frequency as those previously analyzed
in the United States [32,33], the one Indian lens examined with
an exceptionally high number of MLBs is emphasized here.
The MLBs within a volume similar to that described above to
establish the random distribution mathematically can be used
to directly visualize the MLB distribution. The MLBs appear
as bright spots because their lipid coatings, which are labeled
by the lipophilic dye, DiI, are displayed in a reconstructed
volume  of  approximately  85,000  µm3  (Figure  6A).  To
facilitate the viewing and counting of MLBs, a sphere has been
Figure  4.  Membranes  of  MLBs.  As
shown  in  the  transmission  electron
micrographs,  MLBs  from  age-related
nuclear cataracts often appear circular
(B, C, and F) with an occasional doublet
formation (E). MLBs are covered with
multiple  layers  of  lipid  membranes,
although these membranes can barely be
visualized at low magnification (A) in
this  donor  lens.  With  proper  tilt
(25°-40°)  and  high  magnification  (D,
from  the  inset  box  in  A),  the  10
membranes  appear  multilamellar  with
thin spacing (4.5 nm).
Figure  5.  Randomness  of  MLBs  by
Monte Carlo analysis. Each position of
92 MLBs within a rectangular volume
was  determined  with  x,  y,  and  z
coordinates. The distance between each
MLB  and  all  other  MLBs  was  then
measured,  and  the  nearest  neighbor
distances  are  displayed  on  this
cumulative  histogram  (red  line)  and
compared  with  the  upper  and  lower
bounds of the histograms created by 100
and 1000 random repetitions (solid and
broken  lines)  of  analyzing  the  same
number of random particles in the same
size volume. This pairwise distribution
analysis  shows  that  MLBs  are  found
with a random distribution that is within
the  ranges  determined  by  the  Monte
Carlo trials.
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577placed over each MLB (Figure 6B). After the membranes are
removed by thresholding, it can be seen that 64 MLBs are
located within this volume of 85,000 µm3 – a frequency of
753,000 MLBs per mm3. This frequency, while exceptional
even among Indian cataracts, is much greater than that of the
most advanced cataract analyzed in the United States.
In  this  most  exceptional  Indian  cataract,  several
individual volumes of tissue were examined by laser scanning
confocal  microscopy  to  give  a  total  volume  in  excess  of
1,000,000 µm3. In this volume, 412 MLBs were observed.
Therefore, the average frequency of MLBs was about 400,000
per mm3 – approximately 100 times more than those in United
States  cataracts  analyzed  in  previous  studies  [33].  Since
MLBs  in  the  exceptional  Indian  cataract  are  typically
spherical and randomly distributed, the average diameter of
2.1 µm and the frequency of 400,000 per mm3 were used to
calculate the predicted scattering using Mie theory [34,38].
As in previous studies, the refractive index of the MLB interior
and cytoplasm were assumed to be 1.49 and 1.40 [33,34]. Mie
scattering theory indicates that MLBs contribute significantly
to forward scattering despite the fact that they occupy only
0.2% of the volume of the nucleus of the lens. The MLBs
potentially have high scattering efficiencies, and their high
density produces a large scattering cross section [34]. With
respect to this particular advanced Indian cataract, the lens is
almost  completely  opaque  based  on  predictions  for  light
scattering due to MLBs alone with 99.8% scattering for light
of 550 nm wavelength (Figure 7). The light, as it passes
through this lens, is predicted to deviate from its original path
by scattering angles generally less than 20° for each particle,
and multiple scattering events would probably prevent any
light from reaching the retina.
DISCUSSION
The morphological analysis of MLBs in advanced nuclear
cataracts and donor lenses from India suggests that the MLBs
are  similar  in  size,  internal  structure,  and  distribution
compared to lenses collected in the United States [32-34]. An
important exception was one advanced Indian cataract that
displayed  a  very  high  density  of  MLBs.  Based  on  3D
reconstructed volumes from laser scanning confocal serial
optical sections, the density of MLBs was about 100 times
higher  than  less  mature  cataracts  from  the  United  States.
These data also confirm that MLBs are mainly spherical,
demonstrate that the average MLB diameter is 2–3 µm, and
show that the MLBs are far apart compared to the wavelength
of incident light. The high density of MLBs also provided the
opportunity to establish that the MLB distribution was random
using rigorous Monte Carlo methods. These properties of the
MLBs suggest that they are independent scattering particles
and are suitable for light scattering analysis using the Mie
theory [34,38-41].
Previous studies have established that Mie’s solution to
Maxwell’s  electromagnetic  equations  is  an  appropriate
method  for  analyzing  the  contribution  to  the  forward
scattering of light by large particles such as MLBs [33,34].
However,  these  calculations  were  based  on  several
assumptions and low densities of rare MLBs thus limiting the
potential influence of the MLBs to the early stages of nuclear
cataract formation and to less than 20% of the incident light.
For the high density of MLBs in the exceptional Indian nuclear
cataract, the MLBs are calculated to scatter more than 99% of
the incident light (Figure 7), therefore, rendering the nucleus
totally opaque due to this one structural feature. For these
Figure 6. Distribution of MLBs. A: An example of one of the many volumes examined is shown. This particular volume from an age-related
nuclear cataract is 73 µm (x) by 73 µm (y) by 16 µm (z) for a total volume of approximately 85,000 µm3. The z distance of 16 µm resulted
from the stacking of 40 optical sections of 0.4 µm each. MLBs appear as bright spots as their lipid coatings are labeled well by the lipophilic
DiI. B: To facilitate the viewing of MLBs, a sphere has been placed manually over each MLB with the aid of thresholding to locate most of
the MLBs. C: With the membranes removed, it can be seen that 64 MLBs are located within this volume of 85,000 µm3 – a frequency of
753,000 MLBs per mm3.
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578calculations, it was assumed that the internal refractive index
of the MLB was 1.49 and the surrounding cytoplasm was 1.40,
producing the key input refractive index ratio to the Mie
equations as in previous studies [33,34]. This assumed ratio
is not as critical for the exceptional Indian nuclear cataract,
because if only 20% of the MLBs reached the 1.49/1.40 ratio,
then MLBs would still scatter more than 90% of the incident
light  (data  not  shown).  Recent  determinations  of  nuclear
refractive index using magnetic resonance imaging suggest
that the value should be near 1.42 [45] instead of 1.40 [46];
however, even if the ratio of 1.49/1.42 were used in the Mie
calculations,  the  scattering  would  be  over  90%  (data  not
shown). Furthermore, other structural features of the nuclear
cataract could contribute to the overall opacification including
damage to the membranes and to cytoplasmic proteins. For
example, the same advanced Indian cataracts prepared for
TEM analysis here have been shown to have cytoplasm that
can be sufficiently textured to increase the scattering and in
some cases produce opacification [47]. Age-related nuclear
cataracts most likely have a multi-factorial pathology in which
several  influences,  especially  age,  nutrition  and  oxidative
stress,  may  produce  multiple  structural  alterations  that
contribute to lens opacification. All of the advanced nuclear
cataracts from India displayed MLBs, and the high density of
MLBs in one cataract suggests that these large particles can
play a significant role in mature cataract formation and that
efforts to determine how the particles are generated would be
valuable.
Although MLB formation is not yet fully understood,
many features of this process are evident. Most MLBs appear
adjacent to or attached to fiber cell plasma membranes (see
Figure 3 and Figure 4), suggesting that the thin multiple layers
are derived from a redistribution of membrane lipids and
proteins. As discussed previously [32,33], the thinness of the
layers  precludes  the  presence  of  the  integral  membrane
proteins, connexins and aquaporin0, which form gap junctions
or  water  channels,  respectively.  The  absence  of  integral
proteins  is  also  supported  by  the  high  intensity  of  MLB
fluorescence  using  lipid  dyes  [32,33]  and  the  absence  of
intramembrane  particles  in  freeze-fracture  images  of  the
multilayered coat [48]. Even the spherical nature of the MLBs
and  the  smooth  contours  of  the  multilayered  coat  are
consistent with the geometry of pure lipid bilayers, perhaps
with  a  high  cholesterol  content  [49],  as  opposed  to  the
alternating  curvatures  in  the  undulating  membrane
interdigitations of adult fiber cells [25]. The smooth contours
are  similar  to  those  of  ball-and-socket  interdigitations
between  young  cortical  fiber  cells  and  may  involve  the
membrane  skeleton,  except  that  the  simple  pinching  of  a
protruding ball would produce a vesicular structure with only
one pair of membranes [50]. To achieve the multilamellar
pattern, it is likely that more complex processes are involved
such as the interleaving of cellular processes from adjacent
Figure 7. Light scattering by MLBs. In
the  Indian  cataract  with  the  highest
density  of  MLBs,  1,000,000  µm3  of
tissue was examined by laser scanning
confocal  microscopy,  and  in  that
volume,  412  MLBs  were  observed.
Therefore, the frequency of MLBs was
405,963 per mm3 – approximately 100
times  that  of  United  States  cataracts
analyzed  in  previous  studies  [32,33].
Mie  scattering  theory  predicts  that
MLBs  contribute  significantly  to
forward scattering despite the fact that
they occupy only 0.2% of the volume of
the nucleus of the lens. In this case, the
lens is almost completely opaque with
99.8%  scattering  (white  asterisk,
representing 1.49 refractive index and
2.1 µm average diameter) for 550 nm
wavelength light and variable internal
refractive index as seen in the surface
plot of scattering percent.
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579cells.  The  formation  of  complex  intercellular  processes
between human nuclear fiber cells is common, and extensive
filopodia-like  processes  have  been  reported  [51].  An
interleaving of cellular processes has been observed in the
formation  of  globular  structures  resulting  from  cell
breakdown in osmotic cataracts [52]. It is noteworthy for the
osmotic stress rabbit model that the cortical fibers, which have
flexible membranes and an intact cytoskeleton, form complex
interleaving structures whereas the nuclear fiber cells form
simpler defects [52]. In both cases, the final result may be
similar as the cytoskeleton is broken down, membranes may
collapse onto themselves and integral proteins may migrate
out of the multilamellar aggregates. As we have suggested
previously  [32-34],  it  is  likely  that  the  membrane
rearrangements leading to MLBs occur when the cells are
young, and because the MLBs are exclusively observed in the
inner nuclear regions, we hypothesize that the MLBs form in
embryonic and fetal development or in the first few years after
birth. We further propose that when the MLBs first form, they
do not scatter light significantly, but as the lens ages, the
MLBs develop into strong scattering sources [32-34]. This
hypothesis is consistent with several observations. First, the
density of MLBs in most cataracts is low. If the density of
MLBs  increased  with  the  severity  of  the  nuclear  cataract
grade, then the advanced Indian cataracts would have had a
much higher density but instead were similar to the MLB
densities  of  less  mature  cataracts  from  the  United  States.
Second, the exceptional Indian cataract with a high density of
MLBs showed a similar cellular structure throughout the inner
nuclear region with no obvious cell disruption. Therefore, the
random distribution of the high density of MLBs suggests that
the number of specific point defects increased rather than a
general increase in cell damage or the formation of a region
of concentrated damage. Third, the MLBs appear even in
transparent donor lenses, suggesting that their formation in the
nuclear  core  involves  natural  processes  of  membrane
rearrangements during normal development of young fiber
cells.  Fourth,  the  suggested  early  formation  of  MLBs  is
consistent  with  an  epidemiological  study  correlating  low
weight at one year with the high probability of age-related
nuclear cataract formation six decades later [53].
The scattering efficiency of MLBs probably increases as
the lens ages. This happens possibly because the lipid coat,
which isolates the MLB interior from the cytoplasm, permits
the  core  proteins  to  condense  more  than  the  cytoplasmic
proteins thus altering the refractive index ratio. The scattering
from the MLBs may therefore not become significant until
after the onset of presbyopia and early cataract formation. This
suggestion is consistent with the observations that the MLBs
appear only in the nuclear core, are too small to be detected
by  slit  lamp  examination,  contribute  mainly  to  forward
scattering, and are very rare in most lenses. Thus, MLBs could
exist undetected for decades in nearly all adults. As the MLBs
increase their scattering potential with age, the low density in
aged  transparent  lenses  limits  their  impact  on  image
formation, although they could account for the ciliary corona
experienced by adults [34,54]. An intermediate density of
MLBs,  characteristic  of  most  of  the  nuclear  cataracts
examined thus far, may cause early visual deficits due to
forward scattering and increase the probability of age-related
nuclear  cataract  formation.  A  high  density  of  MLBs  as
reported  here  for  the  exceptional  Indian  cataract  may
foreshadow early serious visual deficits, early nuclear cataract
formation, and total lens opacification.
There  are  several  possible  explanations  for  the  high
density of MLBs in the exceptional Indian cataract. The high
MLB density may result from an increase in oxidative stress
during fetal development or at birth. It should be noted that in
the  rat  animal  model  for  oxidative  stress,  increased  lipid
peroxidation was detected throughout the lens, and the lens
nuclear  core  was  the  only  location  for  the  formation  of
multilamellar  cellular  debris  similar  to  the  MLBs  [55].
Another possibility is that there may have been a metabolic
imbalance where an excess of lipid over protein may result in
excess  membrane  during  rapid  lens  growth  in  early
development. The response of the lens may be to sequester
excess  membrane  lipid  into  focal  defects  that  eventually
transform into the MLBs. A third possibility is that there may
have been a minor and as yet unidentified genetic defect that
influences  early  fiber  cell  elongation.  Although  it  is  not
possible  at  present  with  one  example  to  determine  the
underlying pathology, it is clear that if the MLBs are formed
early in development, then the high density of MLBs may
provide  an  explanation  for  the  early  onset  and  rapid
development of blinding cataract in the Indian population. In
future studies, light scattering data on intact lenses must be
collected before the tissue is analyzed for pathology so that in
vivo  clinical  conditions  may  be  correlated  with  in  vitro
analysis of cells and MLB density. With these advances, the
contribution  of  MLBs  to  forward  scattering  and  cataract
formation can be confirmed.
ACKNOWLEDGMENTS
The authors wish to thank Mr. Kenji Leonard and Mr. Harold
Mekeel of UNC-Chapel Hill for technical assistance, Dr. Amit
Chattopadhyay  of  the  Centre  for  Cellular  and  Molecular
Biology  (CCMB)  in  Hyderabad,  India  for  providing
fluorescent dye, and the staff of the L.V. Prasad Eye Institute
in  Hyderabad,  India  for  their  technical  assistance  and
hospitality.  This  work  was  presented  in  part  at  the  2007
Annual Meeting of the Association for Research in Vision and
Ophthalmology (ARVO), Ft. Lauderdale, Florida and was
supported by NIH-NEI Research Grant EY008148 (UNC) and
Core Grant EY005722 (Duke).
Molecular Vision 2008; 14:572-582 <http://www.molvis.org/molvis/v14/a70> © 2008 Molecular Vision
580REFERENCES
1. Foster  A.  Cataract  and  “Vision  2020-the  right  to  sight”
initiative.  Br  J  Ophthalmol  2001;  85:635-7.  [PMID:
11371475]
2. Thylefors  B,  Negrel  AD,  Pararajasegaram  R,  Dadzie  KY.
Global data on blindness. Bull World Health Organ 1995;
73:115-21. [PMID: 7704921]
3. Murthy GV, Gupta SK, Maraini G, Camparini M, Price GM,
Dherani M, John N, Chakravarthy U, Fletcher AE. Prevalence
of lens opacities in North India: the INDEYE feasibility study.
Invest  Ophthalmol  Vis  Sci  2007;  48:88-95.  [PMID:
17197521]
4. Thulasiraj  RD,  Rahamathulla  R,  Saraswati  A,  Selvaraj  S,
Ellwein LB. The Sivaganga eye survey: I. Blindness and
cataract  surgery.  Ophthalmic  Epidemiol  2002;  9:299-312.
[PMID: 12528915]
5. Murthy GV, Gupta S, Ellwein LB, Munoz SR, Bachani D, Dada
VK. A population-based eye survey of older adults in a rural
district of Rajasthan: I. Central vision impairment, blindness,
and  cataract  surgery.  Ophthalmology  2001;  108:679-85.
[PMID: 11297483]
6. Nirmalan PK, Thulasiraj RD, Maneksha V, Rahmathullah R,
Ramakrishnan R, Padmavathi A, Munoz SR, Ellwein LB. A
population based eye survey of older adults in Tirunelveli
district of south India: blindness, cataract surgery, and visual
outcomes.  Br  J  Ophthalmol  2002;  86:505-12.  [PMID:
11973242]
7. Dandona L, Dandona R, Srinivas M, Giridhar P, Vilas K, Prasad
MN, John RK, McCarty CA, Rao GN. Blindness in the Indian
state of Andhra Pradesh. Invest Ophthalmol Vis Sci 2001;
42:908-16. [PMID: 11274066]
8. Murthy GV, Gupta SK, Bachani D, Jose R, John N. Current
estimates  of  blindness  in  India.  Br  J  Ophthalmol  2005;
89:257-60. [PMID: 15722298]
9. Chandrashekhar TS, Bhat HV, Pai RP, Nair SK. Prevalence of
blindness and its causes among those aged 50 years and above
in rural Karnataka, South India. Trop Doct 2007; 37:18-21.
[PMID: 17326880]
10. Foster A, Resnikoff S. The impact of Vision 2020 on global
blindness. Eye 2005; 19:1133-5. [PMID: 16304595]
11. Thomas R, Paul P, Rao GN, Muliyil JP, Mathai A. Present status
of  eye  care  in  India.  Surv  Ophthalmol  2005;  50:85-101.
[PMID: 15621080]
12. Rao GN. Global Partnerships: A Way Forward for the Control
of Avoidable Blindness. ARVO Annual Meeting; 2006 April
30-May 4; Fort Lauderdale (FL).
13. Congdon N, Vingerling JR, Klein BE, West S, Friedman DS,
Kempen J, O’Colmain B, Wu SY, Taylor HR, Eye Diseases
Prevalence  Research  Group.  Prevalence  of  cataract  and
pseudophakia/aphakia  among  adults  in  the  United  States.
Arch Ophthalmol 2004; 122:487-94. [PMID: 15078665]
14. Vaidyanathan K, Limburg H, Foster A, Pandey RM. Changing
trends in barriers to cataract surgery in India. Bull World
Health Organ 1999; 77:104-9. [PMID: 10083707]
15. Neale RE, Purdie JL, Hirst LW, Green AC. Sun exposure as a
risk  factor  for  nuclear  cataract.  Epidemiology  2003;
14:707-12. [PMID: 14569187]
16. Nirmalan PK, Robin AL, Katz J, Tielsch JM, Thulasiraj RD,
Krishnadas R, Ramakrishnan R. Risk factors for age related
cataract in a rural population of southern India: the Aravind
Comprehensive  Eye  Study.  Br  J  Ophthalmol  2004;
88:989-94. [PMID: 15258010]
17. Mohan M, Sperduto RD, Angra SK, Milton RC, Mathur RL,
Underwood  BA,  Jaffery  N,  Pandya  CB,  Chhabra  VK,
Vajpayee RB, Kalrav K, Sharma YR. India-US case-control
study of age-related cataracts. India-US Case-Control Study
Group. Arch Ophthalmol 1989; 107:670-6. [PMID: 2818712]
18. Spalton  DJ,  Hitchings  RA,  Hunter  PA,  Tan  JCH,  Harry  J.
Methods of Ocular Examination. In: Spalton DJ, Hitchings
RA, Hunter PA, Tan JCH, Harry J, editors. Atlas of Clinical
Ophthalmology. 3rd ed. London: Mosby Elsevier; 2004. p. 1–
34.
19. Spector A. The search for a solution to senile cataracts. Proctor
lecture. Invest Ophthalmol Vis Sci 1984; 25:130-46. [PMID:
6321383]
20. Benedek GB. Cataract as a protein condensation disease: the
Proctor  Lecture.  Invest  Ophthalmol  Vis  Sci  1997;
38:1911-21. [PMID: 9331254]
21. Jedziniak JA, Kinoshita JH, Yates EM, Hocker LO, Benedek
GB. On the presence and mechanism of formation of heavy
molecular  weight  aggregates  in  human  normal  and
cataractous lenses. Exp Eye Res 1973; 15:185-92. [PMID:
4692231]
22. Jedziniak  JA,  Kinoshita  JH,  Yates  EM,  Benedek  GB.  The
concentration  and  localization  of  heavy  molecular  weight
aggregates in aging normal and cataractous human lenses.
Exp Eye Res 1975; 20:367-9. [PMID: 1126401]
23. Jedziniak JA, Nicoli DF, Baram H, Benedek GB. Quantitative
verification of the existence of high molecular weight protein
aggregates in the intact normal human lens by light-scattering
spectroscopy.  Invest  Ophthalmol  Vis  Sci  1978;  17:51-7.
[PMID: 621125]
24. Truscott RJ. Age-related nuclear cataract-oxidation is the key.
Exp Eye Res 2005; 80:709-25. [PMID: 15862178]
25. Al-Ghoul KJ, Lane CW, Taylor VL, Fowler WC, Costello MJ.
Distribution and type of morphological damage in human
nuclear age-related cataracts. Exp Eye Res 1996; 62:237-51.
[PMID: 8690033]
26. Al-Ghoul KJ, Costello MJ. Light microscopic variation of fiber
cell size, shape and ordering in the equatorial plane of bovine
and human lenses. Mol Vis 1997; 3:2. [PMID: 9238091]
27. Al-Ghoul  KJ,  Costello  MJ.  Fiber  cell  morphology  and
cytoplasmic texture in cataractous and normal human lens
nuclei. Curr Eye Res 1996; 15:533-42. [PMID: 8670754]
28. Taylor VL, Costello MJ. Fourier analysis of textural variations
in  human  normal  and  cataractous  lens  nuclear  fiber  cell
cytoplasm. Exp Eye Res 1999; 69:163-74. [PMID: 10433853]
29. Thomson D. Methods of assessing cataract and the effect of
opacities on vision. Optometry Today/Optics Today; 2001;
26–30.
30. van den Berg TJ. Light scattering by donor lenses as a function
of depth and wavelength. Invest Ophthalmol Vis Sci 1997;
38:1321-32. [PMID: 9191595]
31. van den Berg TJ, Spekreijse H. Light scattering model for donor
lenses as a function of depth. Vision Res 1999; 39:1437-45.
[PMID: 10343812]
32. Gilliland KO, Freel CD, Lane CW, Fowler WC, Costello MJ.
Multilamellar  bodies  as  potential  scattering  particles  in
Molecular Vision 2008; 14:572-582 <http://www.molvis.org/molvis/v14/a70> © 2008 Molecular Vision
581human  age-related  nuclear  cataracts.  Mol  Vis  2001;
7:120-30. [PMID: 11435998]
33. Gilliland KO, Freel CD, Johnsen S, Fowler WC, Costello MJ.
Distribution, spherical structure and predicted Mie scattering
of  multilamellar  bodies  in  human  age-related  nuclear
cataracts. Exp Eye Res 2004; 79:563-76. [PMID: 15381040]
34. Costello MJ, Johnsen S, Gilliland KO, Freel CD, Fowler WC.
Predicted Light Scattering from Particles Observed in Human
Age-Related Nuclear Cataracts Using Mie Scattering Theory.
Invest  Ophthalmol  Vis  Sci  2007;  48:303-12.  [PMID:
17197547]
35. Chatterjee A, Milton RC, Thyle S. Prevalence and aetiology of
cataract in Punjab. Br J Ophthalmol 1982; 66:35-42. [PMID:
7055541]
36. Mohan M. National Survey of Blindness-India. NPCB-WHO
report. New Delhi: Ministry of Health and Family Welfare,
Government of India; 1989.
37. Nirmalan PK, Krishnadas R, Ramakrishnan R, Thulasiraj RD,
Katz  J,  Tielsch  JM,  Robin  AL.  Lens  opacities  in  a  rural
population of southern India: the Aravind Comprehensive
Eye Study. Invest Ophthalmol Vis Sci 2003; 44:4639-43.
[PMID: 14578379]
38. Mie G. Beitrage zur optik truber Medien, speziell Kolloidalen
Metal-losungen. Annalen der Physik 1908; 25:377-445.
39. van de Hulst HC. Light Scattering by Small Particles. Mineola
(NY): Dove Publications; 1982.
40. Kerker M. The Scattering of Light and other Electromagnetic
Radiation. New York: Academic Press; 1969.
41. Bohren CF, Huffman DR. Absorption and Scattering of Light
by Small Particles. New York: Wiley-Interscience; 1983.
42. Boyle DL, Takemoto LJ. Confocal microscopy of human lens
membranes  in  aged  normal  and  nuclear  cataracts.  Invest
Ophthalmol Vis Sci 1997; 38:2826-32. [PMID: 9418736]
43. Diggle  PJ.  Statistical  Analysis  of  Spatial  Point  Patterns.
London: Academic Press; 1983.
44. Mätzler  C.  MATLAB  Functions  for  Mie  Scattering  and
Absorption, Version 2. Tech Rep. Institut für Angewandte
Physik, Universität Bern; 2002.
45. Jones CE, Atchison DA, Meder R, Pope JM. Refractive index
distribution and optical properties of the isolated human lens
measured using magnetic resonance imaging (MRI). Vision
Res 2005; 45:2352-66. [PMID: 15979462]
46. Pierscionek BK. Refractive index contours in the human lens.
Exp Eye Res 1997; 64:887-93. [PMID: 9301469]
47. Metlapally  S,  Costello  MJ,  Gilliland  KO,  Ramamurthy  B,
Krishna  PV,  Balasubramanian  D,  Johnsen  S.  Analysis  of
nuclear fiber cell cytoplasmic texture in advanced cataractous
lenses from Indian subjects using Debye-Bueche theory. Exp
Eye Res 2008; 86:434-44. [PMID: 18191834]
48. Costello  MJ,  Freel  CD,  Gilliland  KO.  Identification  of
Multilamellar  Bodies  in  the  Urea  Insoluble  Fraction  of
Human Age-Related Nuclear Cataracts. Invest Ophthalmol
Vis Sci 2003; 44:E-Abstract 3502.
49. Huttner WB, Zimmerberg J. Implications of lipid microdomains
for membrane curvature, budding and fission. Curr Opin Cell
Biol 2001; 13:478-84. [PMID: 11454455]
50. Zhou C-J, Lo W-K. Association of clathrin, AP-2 adaptor and
actin cytoskeleton with developing interlocking membrane
domains in lens fibre cells. Exp Eye Res 2003; 77:423-32.
[PMID: 12957142]
51. Boyle  DL,  Takemoto  LJ.  Finger-like  projections  of  plasma
membrane in the most senescent fiber cells of human lenses.
Curr Eye Res 1998; 17:1118-23. [PMID: 9872533]
52. Costello MJ, Lane CW, Hatchell DL, Saloupis P, Cobo LM.
Ultrastructure of fiber cells and multilamellar inclusions in
experimental  diabetes.  Invest  Ophthalmol  Vis  Sci  1993;
34:2174-85. [PMID: 8389342]
53. Evans JR, Rauf A, Aihie Sayer A, Wormald RP, Cooper C. Age-
related nuclear lens opacities are associated with reduced
growth before 1 year of age. Invest Ophthalmol Vis Sci 1998;
39:1740-4. [PMID: 9699565]
54. van den Berg TJ, Hagenouw MP, Coppens JE. The ciliary
corona: physical model and simulation of the fine needles
radiating from point light sources. Invest Ophthalmol Vis Sci
2005; 46:2627-32. [PMID: 15980257]
55. Marsili S, Salganik RI, Albright CD, Freel CD, Johnsen S,
Peiffer RL, Costello MJ. Cataract formation in a strain of rats
selected  for  high  oxidative  stress.  Exp  Eye  Res  2004;
79:595-612. [PMID: 15500819]
Molecular Vision 2008; 14:572-582 <http://www.molvis.org/molvis/v14/a70> © 2008 Molecular Vision
The print version of this article was created on 24 March 2008. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.
582